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E-mail address: Mark.Edwards@anu.edu.au (M. EdLocal-motion information can provide either 1-dimensional (1D) or 2-dimensional (2D) solutions. 1D
signals occur when the aperture problem has not been solved, so each signal is an estimate of the
local-orthogonal component of the object’s motion. 2D signals occur when the aperture problem has been
solved, so each signal is an estimate of the object’s motion. Previous research (JoV, 2009, 9, 1–25) has
shown that 1D and 2D signals are pooled differently, via intersection-of-constraints (IOC) and vector-
average processes, respectively. Previous research (e.g. Vis. Res., 2003, 2290–2301) has also indicated that
form cues can inﬂuence howmotion signals are perceived. We investigated whether forms cues can affect
the pooling of motion signals and whether they differentially affect the pooling of 1D and 2D signals.
Global-Gabor (GG) and global-plaid (GP) stimuli were used. These stimuli consist of multiple apertures
that contain either Gabors or plaids, respectively. In the GG stimulus the global solution is deﬁned by hav-
ing the Gabor carriers move (1D signals) such that they are consistent with a single IOC-deﬁned solution.
In the GP stimuli the plaid motion (2D signals) are consistent with a vector-average solution deﬁned by a
Gaussian distribution. Form cues can be introduced by adding orientation information to the apertures
that is either consistent (aligned with) or inconsistent (orthogonal to) with the global-solution. With
the 1D stimuli, form cues affect how the motion signals are pooled, with motion being perceived in
the direction deﬁned by the orientation cue. Orientation cues had no direct effect on the pooling of the
2D signals.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
While there are long standing suggestions that form and motion
information are processed independently within the visual system
(Ungerleider & Mishkin, 1982) subsequent studies have shown that
there is a great deal of interaction between them. Earlier research
showed that motion information could assist in the processing of
form information, e.g. the kinetic-depth effect and biological mo-
tion (Johansson, 1973;Wallach & O’Connell, 1953) and more recent
studies have demonstrated that form information can assist in the
processing of motion. Form information can come in a number of
guises, including orientation cues (Badcock, McKendrick, &
Ma-Wyatt, 2003; Beutter, Mulligan, & Stone, 1996; Kooi, 1993)
and the spatial arrangement of the internal elements of the targets
producing motion signals (Edwards, 2009; Verghese & McKee,
2006). Recent investigations have focused on the role of form cues
in the guise of motion streaks, which are the smeared representa-
tion within the visual system of a moving object that could resultll rights reserved.
Psychology, The Australian
rra, ACT 0200, Australia. Fax:
wards).from the extended temporal-integration period of cortical cells in
V1 (Geisler, 1999). Studies have shown that motion streaks, and
simulated motion streaks, produced by adding static line-elements
to the stimulus, can affect the perceived direction and speed of
moving stimuli (Badcock & Dickinson, 2009; Burr & Ross, 2002;
Francis & Kim, 2001; Georges et al., 2002; Kawabe & Miura,
2006; Kim & Francis, 1998; Krekelberg et al., 2003; Ross, 2004;
Ross, Badcock, & Hayes, 2000; Series et al., 2002; Werkhoven,
Snippe, & Koenderink, 1990) result in form-based aftereffects
(Apthorp & Alais, 2009) and can also result in lower global-motion
thresholds (Edwards & Crane, 2007). These studies provide results
that are broadly consistent with Geisler’s suggested model for the
interaction between form and motion: a direction selective unit,
detecting motion orthogonal to its preferred orientation, is multi-
plicatively paired with a spatial-orientation-tuned unit, with the
latter giving the precise orientation of the axis of motion and the
direction-selective unit signalling the direction along that axis. In
this manner the streaks reﬁne the direction estimate from a 180
arc to a much smaller angular-range consistent with the orienta-
tion tuning of simple cells in V1 (Geisler, 1999; Ross, 2004).
While these studies have greatly increased our knowledge of
form–motion interactions, the exact manner in which form infor-
mation inﬂuences motion processing is still an open question,
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ber of distinct, form-based mechanisms. In investigating this issue,
a factor that could inﬂuence the manner in which the form cues af-
fect motion pooling is the type of information contained in the mo-
tion signal. Ultimately it is desirable to know both the direction of
the local motion and its speed in that direction. From this perspec-
tive, motion signals can be deﬁned as being either 1-dimensional
(1D) or 2-dimensional (2D). 1D signals are those for which the
aperture problem has not been solved and therefore direction
can only be restricted to a 180 arc. That is, only one component
of the motion signal is accurately known: the component of motion
orthogonal to the object’s local orientation, not its true direction
and speed (Adelson & Movshon, 1982). 2D signals are those for
which the aperture problem has been solved, so the object’s direc-
tion and speed of motion are speciﬁed with a precision covering a
polar angle much smaller than 180. Note that we are only consid-
ering motion in the fronto-parallel plane, i.e. no motion in depth.
Note also, that this could be considered in terms of 2 spatial
dimensions deﬁning direction and another specifying speed, a tem-
poral dimension, and refer to this as 3D motion, however we
choose here to call it 2D because 3D is typically used to refer to
the 3 spatial dimensions. It has been shown that these 1D and
2D motion signals are combined using different pooling processes,
with 1D signals being processed via an intersection-of-constraints
(IOC) or equivalent process and 2D signals via a vector-averaging
or similar process (Amano et al., 2009, 2012).
Given that it is thought that form cues supply more precise
direction information (Geisler, 1999), it is possible that they have
differing effects upon 1D and 2D motion pooling. Speciﬁcally,
direction information is ambiguous in 1D signals, but not in 2D sig-
nals, so it is possible that this inherent ambiguity in the 1D motion
signals makes them more susceptible to being inﬂuenced by form
information. It is possible that the direction information provided
by the motion streaks is used by the visual system to disambiguate
the object’s actual direction of motion from the family of possible
solutions deﬁned by the set of vectors consistent with a given
amount of orthogonal contour motion, i.e. the line of constraint
(Adelson & Movshon, 1982). Badcock, McKendrick, and Ma-Wyatt
(2003) showed that static line-elements, providing orientation
information, outside the bounding contour of an aperture, also
inﬂuenced the perceived motion direction of gratings. The inﬂu-
ence occurred even when there was a small gap between the aper-
ture edge and the orientation cues, thus demonstrating that the
underlying mechanisms exhibits some tolerance for the spatial
contiguity of the form and motion inputs. Given that 2D signals al-
ready have a speciﬁc direction of motion linked to them, they may
be less inﬂuenced by the directional information provided by such
form cues.
The present study investigated the differential inﬂuence of static
orientation-cues on the spatial pooling of 1D and 2Dmotion signals
by determining the effect of providing orientation information
either at or outside the apertures in global-Gabor (1D signals) and
global-plaid (2D signals) stimuli (Amano et al., 2009). It differs from
previous work examining aperture orientation effects (Badcock,
McKendrick, & Ma-Wyatt, 2003; Fisher & Zanker, 2001; Kooi,
1993) in targeting global motion mechanisms, requiring observers
to integrate motion estimates across multiple apertures and also
multiple carrier grating orientations. It will be shown that these ori-
entation cues affect the perceived direction of global-Gabor, but not
global-plaid stimuli. Using these cues also allows the dissociation of
orientation cues from line-termination motion. The results indicate
a role for motion streaks, and, if end-point motion is also being
used, then the end-point-motion system operates only at rela-
tively-high luminance contrast (Lorenceau & Shiffrar, 1992).2. Experiment 1: Effect of form cues on 1D motion pooling
The effect of oriented form cues on 1D motion pooling can be
investigated by using a modiﬁed version of the global-Gabor stim-
ulus. In the original stimulus, all of the Gabor elements had stan-
dard circular, Gaussian envelopes so there was no net orientation
bias provided by the apertures (Amano et al., 2009). Orientation
information can be added by altering either the shape of the aper-
ture, or by adding straight line elements to the outside of the aper-
ture (Badcock, McKendrick, & Ma-Wyatt, 2003; Fisher & Zanker,
2001; Kooi, 1993).
2.1. Methods and procedure
2.1.1. Observers
A total of six observers were used over all of the experiments re-
ported here. Two observers were used in each experiment. One of
the observers was one of the authors (CC) and others were naïve
with respect to the aims of the study. All had normal, or corrected
to normal (CC) spatial acuity and had no history of any visual
disorders.
2.1.2. Apparatus
Stimuli were generated using a Cambridge Research Systems
ViSaGe graphics system driven by a host Pentium 4 computer. They
were displayed on a Sony Triniton G520 20-in. monitor operating
at a refresh rate of 100 Hz with a spatial resolution of
1024  768 pixels (visual angle of 40 by 30 at a viewing distance
of 50 cm).
2.1.3. Stimuli
Modiﬁed versions of global-Gabor stimulus were used in which
the amount and type of form information provided by the orienta-
tion cues at the apertures edges were varied. The standard global-
Gabor stimulus consists of multiple apertures, each containing a
single Gabor. The orientation of the carrier of each Gabor is ran-
domly determined, but the drift rates are set to be consistent with
a single, intersection-of-constraint (IOC) deﬁned global solution
(Adelson & Movshon, 1982; Amano et al., 2009; Movshon et al.,
1985). Three versions of this stimulus were used in this Experi-
ment which provided either no-bias, consistent-bias or inconsis-
tent-bias orientation cues. The No-bias condition (NBC) was the
standard global-Gabor stimulus with circular Gaussian apertures
that represent all orientations equally. The two other conditions
contained apertures that biased orientation information by adding
edges to the circular Gaussians that were formed by a sharp step
from the background luminance along parallel straight lines. The
aperture orientation information was either aligned parallel to
the IOC solution (Consistent-bias condition, CBC) or was orthogo-
nal to it (Inconsistent-bias condition, IBC) as shown in Fig. 1. In
all three conditions, the signal intensity was 100%. That is, carriers
of all of the Gabors moved such they were consistent with an IOC
deﬁned global 2D motion with a speed of 4/s moving either to the
right or downwards. Given that we asked the observer to report
whether they perceived either unidirectional or bidirectional
motion (see below) we also included a transparent-motion
global-Gabor condition that contained no net bias, i.e. it used circu-
lar apertures. The stimulus contained two IOC deﬁned, oppositely
moving signals, each at 50% signal intensity. The standard devia-
tion of the Gaussian deﬁning the Gabors was 0.4 and they had a
carrier frequency of 1.2 cpd. Each global-Gabor stimulus consisted
of 176 Gabors. The contrast of the Gabors was 50%. The duration of
each motion image was 20 ms and each motion sequence consisted
of 20 images, giving a total duration of 400 ms.
Fig. 1. Schematic of the two Bias conditions of the stimuli used in Experiment 1. Only the top half of the stimuli are shown. The arrow indicates the IOC-deﬁned global-motion
direction. (A) Consistent-bias condition in which the aperture orientation-information is aligned with the global-motion direction. (B) Inconsistent-bias condition in which
the aperture orientation is at right angles to the IOC deﬁned direction.
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ditions will depend upon how the form cues affect the pooling of
1D signals. If they have no effect, then motion should be perceived
in the IOC direction for all of the conditions. However, if the form
cues are used by the visual system to directionally disambiguate
the 1D motion signals, as would be expected from previous work
examining aperture effects, e.g. the barber-pole illusion (Fisher &
Zanker, 2001; Kooi, 1993) then motion should be perceived in
the direction deﬁned by the aperture orientation. This means that
the type and direction/s of motion perceived would depend upon
the condition being observed. Unidirectional motion in the IOC
direction should be perceived for both the No-bias and Consis-
tent-bias conditions given that there are no systematic orientation
cues in the former, and the form cues signal the same direction as
the IOC direction in the later. However, in the Inconsistent-bias
condition, it is likely that transparent motion along the axis de-
ﬁned by the orientation cues would be perceived. This transpar-
ency would arise because the sine wave carriers have
orientations in a range distributed around the IOC direction, and
if the aperture shape converts the perceived direction some will
move one way along that axis and other elements will move in
the opposite direction, depending upon the relative orientation of
carrier and aperture edge.
2.1.4. Procedure
The observers’ task was twofold. First, they had to indicate
whether they perceived unidirectional or transparent motion. They
then had to indicate the direction of the motion, for unidirectional
motion, either rightwards or downwards, or the axis of motion, for
transparency, either horizontal or vertical. Responses were sig-
nalled via the computer’s keyboard. The three stimulus conditions
were presented in a random, interleaved manner. Each block of tri-
als consisted of presenting each condition 10 times. Thresholds
were based upon 10 blocks.2.2. Results and discussion
The results are shown in Fig. 2. The left-hand-side of Fig. 2
shows the percentage of trials for which the observer perceived
unidirectional, as opposed to transparent motion. The right-
hand-side of Fig. 2 shows the percentage of trials they got the
directional component of the motion correct in each condition.
For a unidirectional response, a correct response was set as being
in the IOC deﬁned direction and for a ‘transparent’ response it
was set as being along the axis deﬁned by the orientation of aper-
ture or the actual axis of transparency for the transparent IOC con-
dition. The pattern of results is the same for both observers. For
both the No-bias (NBC) and Consistent-bias (CBC) conditions
observers essentially always perceived unidirectional motion, and
for the Inconsistent-bias (IBC) condition (and the Transparent
(TRNS) condition) they rarely perceived unidirectional motion,
i.e. they substantially always perceived transparent motion.
Further, the perceived direction of the unidirectional motion was
consistent with the IOC-deﬁned direction, while the axis of the
transparent motion was inconsistent with the IOC direction, in-
stead being consistent with the axis deﬁned by the orientation
cue, i.e. orthogonal to the IOC direction. These results support the
notion that edge-based orientation cues can inﬂuence the pooling
of 1Dmotion signals. It is possible that the orientation cues provide
directional information to disambiguate the 1D motion solution,
turning them into 2D signals.
3. Experiment 2: Speed of 1D signals with form cues
The results of Experiment 1 indicate that form cues provided by
the aperture affect the global pooling of 1Dmotion signals. While it
is clear that perceived motion is in the direction deﬁned by the
form cue, perceived speed should also be inﬂuenced by the local
direction estimates that arise from these orientation cues. There
Fig. 2. Data for Experiment 1 for two observers (upper and lower rows respectively). Left panels: Percent of trials in which subjects reported perceiving uni-directional
motion in each of the four conditions tested: NBC: No-bias condition, IBC: Inconsistent-bias condition, CBC: Consistent-bias condition, TRNS: transparent motion provided by
two opposing IOC-deﬁned solution. Right panels: Percent of trial in which the direction or axis of motion was reported correctly.
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chosen from the family deﬁned by the line of constraint generated
by the 1D signal that is compatible with the direction deﬁned by
the orientation cue, and thus the speed comes from that solution.
That is, the local speed, i.e. the estimated speed of each carrier,
would be given by the equation r/cosh, where r is the speed of
the orthogonal component of the carrier motion and h is the angle
between the orthogonal component and the form direction (LOC
speed). A second possibility is that these local speeds are the com-
ponents of the original orthogonal carrier-motion in the orienta-
tion-deﬁned direction, i.e. r  cosh (component speed), as would
be extracted by oriented direction-selective units in V1 (Adelson
& Bergen, 1985). Given that these models make very different
and precise predictions regarding how perceived speed should
vary as a function of the orientation of the sine-wave carrier
(Fig. 3B), their validity can be established by conducting a speed
comparison experiment.
3.1. Methods and procedure
A global-Gabor stimulus that contained horizontal form cues
was used. The IOC deﬁned direction was vertically down so trans-
parent motion along the horizontal axis was perceived. Reference
and test stimuli were presented using a temporal, 2AFC procedure.
Both the reference and the test stimuli contained only two carrier
orientations that were symmetrically offset from the IOC direction.
The reference stimulus had carrier orientations that were plus and
minus 45 from the IOC direction, while the orientations of the test
carriers ranged from 30 to 60. As can been seen from Fig. 3B, the
two possible solutions make different predictions regarding how
the perceived speed of the test stimulus should vary relative to
the reference as a function of the carrier orientation. For the
component solution, the test stimulus should always be perceived
to be moving slower than the reference stimulus while for the line-of-constraint solution, the test stimulus should be perceived as fas-
ter for carrier orientations less than 45 and slower for carrier ori-
entations greater than 45.3.2. Results and discussion
The results for the two observers are shown in Fig. 3C and D.
The percentage of the trials that the test stimulus was perceived
as being faster than the reference stimulus is plotted against the
carrier orientation of the Gabors. The pattern is the same for both
observers, with the test stimulus being perceived faster for orien-
tations less than 45 and slower for orientations greater than 45.
These results are qualitatively (given the fairly coarse measure of
speed used) consistent with the IOC solution. The next experiment
performs a more rigorous test of the nature of the pooling solution,
using perceived direction.4. Experiment 3: Pooling of 1D signals with form cues
The results of both Experiments 1 and 2 are consistent with the
notion that the form cues allow the 1D signals to be transformed
into 2D signals by solving the aperture problem. That is, at each
Gabor the aperture cues provide the directional information that
enables the visual system to select a 2D solution from the family
of possible, line-of-constraint-deﬁned solutions, consistent with
the 1D signal. The aim of this experiment was to further test this
hypothesis by determining how the aperture-Gabor composite sig-
nals are pooled. It has previously been shown that 1D and 2D sig-
nals are pooled via different processes: IOC and vector-average
respectively (Amano et al., 2009, 2012). Thus, if the 1D signals
are being transformed into 2D signals, then they should no longer
be pooled via an IOC process, but rather by vector averaging.
Fig. 3. (A) Two possible solutions for the speed projected out by the orientation information provided by the aperture biased form cue. Dark: speed consistent with line-of-
constraint (LoC) solution; gray: speed consistent with component along cue orientation solution. (B) Prediction from the two speed models. (C and D) Data from Experiment 2
for two observers. Speed discrimination testing the models shown in (A) and (B). The pattern of results is the same for all observers and it is consistent with speed of the
composite Gabor-oriented edge corresponding to that of the line-of-constraint solution.
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The manner in which the motion signals are pooled can be
determined by establishing the effect that skewing the distribution
of the orientations of the stimuli has on the perceived direction of
global motion. Skewing the distribution of the carrier orientation
induces an imbalance between the number of Gabors with local-
drift direction to the right or left of the IOC-deﬁned global-motion
direction. Such manipulation should have no effect on IOC pooling
(Webb, Ledgeway, & McGraw, 2007) but it should inﬂuence the
perceived global-direction if vector-average pooling is occurring,
which would be the situation if the aperture-Gabor composites
have been turned into 2D motion signals (Amano et al., 2009).
Two conditions were used: a No-bias condition and a Bias con-
dition. In the No-bias condition each local element was a Gabor
function consisting of a sinusoidal carrier with a Gaussian envelope
identical to those used in the No-bias condition in Experiment 1.
The overall Michelson contrast was 50%. For the Bias condition,
the local elements were constructed as follows. Unlike the arrange-
ment of the form information in Experiment 1, in this experiment
the form cue in each of the apertures was aligned at right angles to
the orientation of the local carrier forming an aperture-Gabor
composite (Fig. 4C). In these composites, the envelope was chan-
ged from a Gabor to an aperture produced by the combination of
a circular aperture, 1.7 in diameter, clipped by two parallel-lines
located 1 apart, orientated orthogonal to the orientation of the
carrier (Fig. 4C). Without the Gaussian envelope, these elementswere noticeably more visible so their contrast was reduced to
25% to match the visibility of the No-bias elements. If the form
cue disambiguates the 1D motion signals (Gabors), turning them
into 2D signals (aperture-Gabor composite) in the direction speci-
ﬁed by the aperture edge, then the distribution of the direction of
these (2D) vectors would mirror the orientation distribution.
The effect of the shape of the orientation distribution was esti-
mated by determining the point-of-subjective-equality (PSE) in a
2AFC direction-discrimination experiment. The observer’s task
was to indicate whether the perceived direction of motion was to
the left or the right of vertically down (270). The IOC deﬁned
directions ranged between 237 and 303 in 11 step sizes. Three
distributions were used: ﬂat, skewed to the left and skewed to
the right. In the ﬂat distribution, the direction of the local drifts
were uniformly distributed between plus and minus 85 centred
on the IOC direction. In the skewed distributions, the imbalance
in the directions of the local drifts was to the left or right of the
IOC deﬁned global-direction. For example, in the right-skewed dis-
tribution, of the 176 Gabors, 128 where orientated to the right and
48 to the left of the IOC deﬁned direction.
4.2. Results and discussion
The results are shown in Fig. 5. The percentage of the trials that
the observer perceived to move to the right of vertically down is
plotted against the IOC deﬁned direction. The top two graphs show
the results for the No-bias condition. The pattern of results is the
Fig. 4. (A and B) Schematic of the distribution of directions of motion-drift for the carriers of the Gabors or form-Gabor composites which in turn is related to the distribution
of carrier orientations. (A) Skewed distribution for a global-motion direction vertically down showing larger number of Gabors with drift to the left of the global direction. (B)
Flat or unbiased distribution used as control. (C) Gabor element used in Experiment 3. The aperture’s orientation cue is at right angles to the carrier orientation. (D) A grating
in a circular window with neighbouring line elements used in Experiment 4, orientated at right angles to the orientation of the grating.
Fig. 5. Results for Experiment 3 for two observers. Upper panels show the No-bias condition. Lower panels show direction–discrimination data for the Bias conditions with
and without skewing the distribution of orientations of the carriers. The pattern of result is the same for all observers and the result is consistent with the stimuli being
pooled via vector averaging in the Bias conditions. Note, given the different envelope proﬁles, the two stimuli were matched for visibility so the no-bias stimuli were at 50%
contrast and the Bias conditions were at 25% contrast.
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IOC deﬁned direction and no difference being observed in the PSE
values for the three distribution conditions. This is different to the
results for the Bias condition shown in the bottom two graphs for
which clear differences can be observed in the PSE values for the
three distributions. The results were consistent with a vector-
average prediction in that observers were more likely to perceive
motion to the right when the distribution was skewed to the right,
and to the left when the distribution was skewed to the left.
The lack of an effect of the orientation distribution on perceived
direction in the No-bias condition is consistent with those motion
signals being pooled via an IOC process, and hence being 1D sig-
nals. Whereas the effect of the orientation distribution on per-
ceived direction in the Bias condition is consistent with those
signals being pooled via a vector-average process, and hence being
used as 2D signals. Note that these differences in perceived direc-
tion are also associated with a difference in the perceived coher-
ence of the stimuli. When perceived direction is consistent with
IOC pooling the stimulus is perceived to move in a rigid-body man-
ner (even though the orthogonal speeds of the Gabors vary as a
function of their orientation) while when the perceived direction
is consistent with vector-average pooling, non-rigid-body motion
is perceived, consistent with a motion-ﬂow stimulus (Williams &
Sekuler, 1984).
Thus the results of the ﬁrst three experiments support the no-
tion that when there is net orientation information in the aper-
tures, that information is used to convert the 1D motion signals
into 2D signals. Note, also, that given that there was no global con-
sistency to the orientation cues in this experiment (unlike the sit-
uation in Experiment 1) it is not possible for the results to be
accounted for by a single global-mechanism sensitive to a common
orientation (Smith, Snowden, & Milne, 1994).
A question that follows from this ﬁnding is how does the mo-
tion system use this orientation information to achieve this trans-
formation? There are at least two types of signals contained in the
orientation cues that could potentially be used: static orientation
and the direction of end-point motion. The next two experiments
investigated these possibilities.5. Experiment 4: Role of static orientation-cues in the pooling of
1D motion signals
The aim of this study was to determine whether static-
orientation signals (which we believe simulate motion–streak sig-
nals) can be used by the visual system to transform the 1D signals
into 2D signals. This was achieved by using a modiﬁed global-
Gabor stimulus that contained no bias in aperture orientation
information, and hence no bias in end-point motion, but contained
simulated motion-streak information in the form of line elements
near each aperture.5.1. Methods and procedure
The stimuli consisted of a modiﬁed global-Gabor stimulus in
which circular apertures were used. Each sine wave had a constant
contrast of 50% and a pair of line elements were placed adjacent to
each aperture (one on each side), at a distance of 0.05. The orien-
tation of each line pair was orthogonal to the orientation of the
sine wave in the aperture. Given that it has been previously shown
that the length and contrast of the lines affects their effectiveness
as simulated motion streaks, we used relatively long lines at a high
contrast, speciﬁcally the lines had a length of 1 and a contrast of
20% (Badcock, McKendrick, & Ma-Wyatt, 2003; Edwards & Crane,
2007; Ross, 2004). See Fig. 4D. The logic of the experiment was
identical to that of Experiment 3, except that the line elements re-placed the orientation information in the apertures. Note that in
the current experiment, since the line elements were distal from
the actual aperture, there was no bias in the end-point motion in
the stimulus. Uniform contrast across the aperture was used to al-
low us to accurately control the separation between the orienta-
tion cue and the edge of the moving grating.
5.2. Results and discussion
The results are shown in Fig. 6. Perceived direction is plotted
against the IOC deﬁned direction. The pattern of results is the same
for both observers. A PSE offset was obtained that was in the direc-
tion of the orientation of the line elements, additionally, the per-
cept of rigid-body motion that was obtained under IOC-pooling
conditions was lost. These results are consistent with the local-
motion signals being pooled via vector averaging, and hence being
treated as 2D signals. That is, the simulated motion-streak signals
were able to transform the 1D signals. Hence the results indicate
that the motion-streak information generated by the aperture
edges in Experiment 1 could have been used by the visual system
to transform the 1D signals into 2D signals.6. Experiment 5: The effect of low-contrast edges on the pooling
of 1D signals
Edwards and Crane (2007) showed that motion-streak facilita-
tion does not occur at low contrast. The current experiment inves-
tigated whether reducing the contrast of the orientated edge
information also reduced its effectiveness in transforming 1D mo-
tion signals into 2D signals. This was achieved by using the modi-
ﬁed global-Gabor stimuli as used in Experiment 1, but reducing the
contrast of the stimuli.
6.1. Methods and procedure
The stimuli used were the same as those used in Experiment 3,
except that the contrast of the sine wave gratings within each
aperture was reduced to 5%. It has previously been shown that
low-contrast stimuli are not effective in producing motion streaks
(Edwards & Crane, 2007) and indeed, in a control study extending
Experiment 4, we reduced the line-element contrast to 5% and no
PSE offset was observed (Fig. 6C), i.e. the motion signals remained
1D. The inability of the motion-streak system to operate at low
contrasts is presumably the result of the low contrast-sensitivity
of the form units (Hawken & Parker, 1984) which are likely to pro-
vide the input to the motion-streak system (Geisler, 1999). How-
ever, a putative end-point-motion system, being composed
purely of motion units that have high contrast-sensitivity (Albrecht
& Geisler, 1991; Hubel & Livingstone, 1990; Sclar, Maunsell, &
Lennie, 1990; Tootell, Hamilton, & Switkes, 1988), should be able
to operate at low contrasts. Hence, with this stimulus, if vector-
average pooling is still obtained, it would indicate that the motion
system uses both motion-streak and end-point-motion systems.
However, if vector-average pooling is not obtained, then the most
parsimonious explanation would be that only a motion-streak sys-
tem exists.
6.2. Results and discussion
The results are shown in Fig. 7. Perceived direction is plotted
against the IOC deﬁned direction for the different distribution con-
ditions and a range of contrasts. The pattern is the same for both
observers, with no PSE offset being observed for the different
distributions at low contrasts but an offset obtained at high
contrasts. These results indicate that at low contrast, the skewed
Fig. 6. Results for Experiment 4. (A and B) The contrast of the line elements was 20%. The results are consistent with the composites line-element/circular-apertures being
pooled as 2D signals. The pattern of results is the same for all observers. (C) Control condition in which the contrast of the line-elements was reduced to 5%. The effect of the
line-elements disappears at low contrast.
Fig. 7. Results for Experiment 5. (A–D) For subject CC the contrast of the carrier was progressively increased from 5% to 50%. At low contrast even though end-point motion is
still present and the direction discrimination remains easy, the effect of skewing the distribution of local drifts disappears. (E and F) Data for subject EW, taken at a low and
high contrast, showing the same effect.
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which is indicative of IOC pooling of 1D motion signals. That is,
the aperture-based form cues in the low-contrast stimuli did not
convert the 1D signals into 2D signals. This means that whatever
system is responsible for converting the 1D signals into 2D signals,
it does not operate at low luminance contrast (Edwards & Crane,
2007; Lorenceau & Shiffrar, 1992).7. Experiment 6: Effect of form cues on 2D motion pooling
The results of the ﬁrst ﬁve experiments indicate that form cues,
most likely via motion-streak signals, have a signiﬁcant effect on
the processing of 1D motion signals. The aim of this experiment
was to determine whether these types of form cues have the same
effect on 2D motion signals. Given that, unlike the situation with1D stimuli, direction information is not ambiguous in 2D stimuli
(Adelson & Movshon, 1982), it is possible that the direction infor-
mation provided by the form cues will not inﬂuence 2Dmotion sig-
nals. 2D motion signals were generated by substituting plaids for
Gabors in the multi-aperture stimuli (similar to the global-plaid
stimuli (Amano et al., 2009)).7.1. Methods and procedure
Pilot testing indicated that form cues had no effect on the
global-plaid stimuli when the edge cues were orientated orthogo-
nal to the vector-average direction of the plaids (as per Experiment
1) so we used the potentially more sensitive measure employed in
Experiment 3. The approach was the same as employed in that
experiment except that global-plaid stimuli were used (Amano
102 M. Edwards et al. / Vision Research 76 (2013) 94–104et al., 2009) in which the apertures of the plaids were modiﬁed by
adding orientation information to them. See Fig. 8. The direction of
motion of each plaid was randomly chosen from a bell-shaped dis-
tribution that had a width of 66 and was centred on a direction
that ranged between 33 to the left and right of vertical. Each plaid
was composed of two orthogonally-oriented sinusoids. Three aper-
ture-orientation conditions were tested with the orientation cues
being orientated either vertically, 20 to the left or 20 to the right
of vertical. The component sine waves had a spatial frequency of
1.2 cpd. All other details of the stimulus were the same as the glo-
bal-Gabor stimuli. The observers’ task was to indicate whether the
perceived motion direction was either to the left or right of verti-
cal. Perceived direction would be offset in the direction of the ori-
entation cues if they affect the pooling of 2D signals (Amano et al.,
2009). That is, there would be an offset in the point-of-subjective-
equality (PSE) values.
7.2. Results and discussion
The results of the experiment are shown in Fig. 9A and B. Per-
ceived direction is plotted against the vector-average direction of
the plaids. Neither observer showed a PSE offset. These results
indicate that, unlike the situation with 1D motion signals, form
cues, in the guise of aperture orientation information, are not able
to inﬂuence the perceived direction of 2D-motion plaid stimuli.
7.2.1. Line elements versus orientated apertures
This ﬁnding is somewhat surprising in light of studies showing
that form cues, in the guise of dynamic line-elements, which are
thought to simulate motion-streaks, can affect the perceived direc-
tion of random-dot kinematograms (Ross, 2004; Werkhoven,
Snippe, & Koenderink, 1990). Moving dots generate 2D motion sig-
nals and hence, are potentially treated in a similar manner to the
global-plaid stimuli. However, the orientated elements in those
studies were dynamically updated with each motion frame every
83 (Ross) or 42 ms (Werkhoven). This means that they have (ran-
dom) motion energy associated with them that, when combined
with the motion-streak facilitation, results in motion signals along
their orientation axis (Ross, 2004; Ross, Badcock, & Hayes, 2000).
That is, the orientated elements used in those studies would result
in 2D motion signals in their own right, and hence be pooled at the
global-motion level with the motion signals from the moving dots.
This is different to what we think is happening with the 1D
(global-Gabor) stimuli in the current study. Instead, it seems likely
that the orientation (motion-streak) information is being pooled
with the motion signals in the neighbouring Gabor elements. That
is, unlike the dynamic line and dot-dipole information used in pre-
vious studies, we think that our orientation information is havingFig. 8. Stimuli used in Experiment 6. (A) Schematic of the distribution of direction for
distribution around the global-motion direction for each of the seven directions. (B) Typic
the slanted distribution conditions in Experiment 6; the elongated hard edges of the ape
the global-motion direction of the trial.its effect at a local, rather than the global scale. If this is the case,
then varying the spatial proximity between the orientation and
1D motion signals should affect the extent to which the two can
interact. Speciﬁcally, the orientation information should not affect
the pooling of the 1D signals when they are distal to them. As can
be seen from Fig. 10, this is the pattern of results that was
obtained. While the line elements affect the pooling of 1D signals
when they are proximal (0.05) to the Gabors, they do not when
they are distal (0.75) to them.8. General discussion
The results of the current experiments show that adding form
cues, in the guise of apertures containing net orientation informa-
tion, affects the manner in which 1D (global-Gabor) stimuli are
pooled. Speciﬁcally, when the form cues are in conﬂict with the
IOC-deﬁned direction, motion is perceived in the orientation-
deﬁned direction (Experiment 1), and both the speed (Experiment
2) and the vector-average pooling of the signal (Experiment 3) are
consistent with the form information converting the 1D signals
into 2D signals. Proximal (Experiment 4) but not distal
(Experiment 6, control study) line elements, simulating motion
streaks, affect the perceived direction of the 1D stimuli, but low
contrast end-point motion does not (Experiment 5). With the 2D
(global-plaid) stimuli, aperture orientation information does not
affect the perceived direction (Experiment 6).
Beutter, Mulligan, and Stone (1996) also pointed to the need for
an explicit account of global pooling in motion models. In their
study, grating and plaid stimuli were presented in elongated aper-
tures and perceived direction was attracted towards the major axis
of the aperture in both cases. However, the outcome was not in
agreement with the predictions of IOC or vector-average models
of motion direction perception. They concluded by noting that lo-
cal analyses of motion properties in their stimuli would produce
quite different estimates at the aperture edges than obtained in
the centre of the patterns and that the pooling algorithms, which
went unspeciﬁed, would be critical in determining the ultimate
percept. Badcock, McKendrick, and Ma-Wyatt (2003) used gratings
in elongated apertures to also demonstrate their inﬂuence on
direction perception, but showed that elongation itself has no im-
pact if semi-circular indentations are applied to the edges to bal-
ance the orientation distribution provided by the aperture. This,
and their additional experiments showing that local indentations
can bias the global percepts, (see also Kooi (1993)), supports argu-
ments for local analyses being extracted prior to pooling. Beutter
et al., results with plaid stimuli showing aperture inﬂuences on
perceived direction may arise from variation in local 2D speedthe 2D elements of the global-plaid stimulus showing a bell-shaped symmetrical
al plaid element used in the global-plaid stimulus. (C) Form-plaid composite used in
rture containing the plaid were drawn at three different ﬁxed slants with respect to
Fig. 9. Results for Experiment 6. Pooling of form-plaid composites. There is no effect of the orientation information provided by the edges added to the apertures when there
was a 2D local signal (plaid) inside the aperture.
Fig. 10. Differential effects of line elements pooling with 1D signals for two observers. Effect of line elements drawn proximal (A and C) and distal (B and D) to Gabor elements
with orientation orthogonal to that of carriers in a global-Gabor stimulus. The pattern of results is the same for all observers and the effect diminished when the distance from
the line elements to the Gabors was increased, suggesting that line elements and 1D signals are pooled locally and turned into 2D signals. The line elements had a contrast of
20%.
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ployed, which reduces contrast at the edges and can therefore alter
perceived speed locally (Thompson, 1982), may add to this inﬂu-
ence. It is also possible that local attentional tracking within their
stimulus may have differentially weighted the local estimates. In
the current study, we have simpliﬁed the stimuli by using multiple
small apertures to represent a sequence of local estimates, that
vary amongst each other much less than in the Beutter, Mulligan,
and Stone (1996) study, and examined how those estimates are
pooled. Our stimulus also renders tracking of individual elements
unhelpful. Under these circumstances additional local orientationcues did not alter the perceived motion direction of globally pooled
fragments. The more complex case of plaid stimuli in large
apertures still needs to be revisited, but large apertures with
grating stimuli do appear to move in the direction speciﬁed by
the local edge orientation even with aperture elongation (Badcock,
McKendrick, & Ma-Wyatt, 2003).
Given the intrinsic directional uncertainty with 1D motion sig-
nals, the ability of the motion system to use the additional infor-
mation provided by the orientation cues to transform the 1D
estimates into 2D signals is beneﬁcial. One possibility is that orien-
tation information affects motion processing via the system that
104 M. Edwards et al. / Vision Research 76 (2013) 94–104uses motion-streaks (Geisler, 1999). This would be consistent with
the lack of an effect at low contrast in Experiment 4 (Edwards &
Crane, 2007). However, other potential mechanisms are also possi-
ble, including a system that directly extracts end-point motion,
that also appears to have low contrast-sensitivity (Lorenceau &
Shiffrar, 1992) and that may also integrate information regarding
occlusion cues (Lalanne & Lorenceau, 2006; McDermott & Adelson,
2004; Pack, Gartland, & Born, 2004; Shimojo, Silverman, &
Nakayama, 1988; Stoner, Albright, & Ramachandran, 1990).
An aim of the motion system is to extract the speed and direc-
tion of motion of a moving object. That is, to determine its 2D mo-
tion. For objects that are of uniform luminance, that extend beyond
a local-motion unit’s receptive ﬁeld, and that have a component of
motion orthogonal to the preferred orientation of the cell’s recep-
tive ﬁeld, the local-motion estimate of motion from that cell will be
ambiguous, i.e. it will only be 1D. 2D estimates can be achieved by
pooling these 1D estimates across space and orientation (Amano
et al., 2009) using a process that yields the same estimate as the
IOC method. This achieves a global 2D solution. Our results are
consistent with the additional use of local orientation cues to con-
vert these 1D estimates to 2D. The use of orientation cues, in either
the ﬁrst- or second-order domains (Badcock & Dickinson, 2009)
may therefore be seen as an alternative method to reduce ambigu-
ity in determining the direction of object motion.
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